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Abstract: Exploration of optoelectronic properties of novel phosphorus-embedded pi-conjugated 17 
compounds would provide us with fundamental information about the design of hitherto unknown 18 
electroactive organic materials. Herein, detailed photophysical and electrochemical profiles of a series 19 
of benzene-cored diketophosphanyl compounds were investigated with steady- and time-resolved 20 
spectroscopic and spectroelectrochemical techniques. The comparative studies revealed the impact of 21 
phosphorus and nitrogen atoms on their triplet energies and on the behaviour of electrochemical 22 
processes to form radical species. 23 
 24 
1. Introduction 25 
The creation of novel main-group element-embedded pi-conjugated organic compounds and 26 
their building blocks them is vitally important for the development of the next-generation electroactive 27 
materials for organic light-emitting diodes (OLEDs), organic photovoltaics (OPVs) and organic field 28 
effect transistors (OFETs) [1–4].  Particularly, much attention has been paid to 29 
phosphorus-containing pi-conjugated compounds, because their optoelectronic properties (e.g., 30 
HOMO/LUMO energies, photo-absorption/emission properties, etc.) can be effectively tailored 31 
through (C–P)σ*-pi* electronic interaction and chemical P-functionalization [5–9].  Making use of 32 
their unique physicochemical properties, phosphorus-containing pi-conjugated compounds have been 33 
utilized as high triplet-energy host materials for OLEDs [10,11] and as emitters [12] in the field of 34 
optoelectronics. 35 
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As our research program for figuration of phosphorus-containing pi-conjugated functional 1 
molecules, we focused on aromatic-fused diketophosphanyl compounds [13–18], which are regarded 2 
as phosphorus-analogues of rylene and related diimides [19,20]. Although a number of leading 3 
literature about the synthesis, structure, and reactivity of diketophosphanyl compounds exist, their 4 
physicochemical properties such as photophysical profiles and electrochemical behaviours have been 5 
scarcely explored [21–26]. In 2014, the Takeda and Minakata group developed diketophosphanyl 6 
compounds 1, 2, and 1-O (Chart 1), and they revealed the fundamental physicochemical properties of 7 
the compounds [24]. Importantly, these compounds exhibited distinct positive shifts in reduction 8 
potentials (red1E and red2E) in cyclic voltammograms [24], when compared with their nitrogen 9 
analogues, that is, pyromellitic diimides (PyDIs) [27]. More detailed investigations of the impact of 10 
pnictogen atoms (P, N) and phosphorus valencies on the physicochemical properties of the 11 
diketophosphanyl compounds would provide us with fundamental information about the phosphorus 12 
compounds. Herein, we disclose the detailed physicochemical properties of organophosphorus 13 
π-conjugated compounds 1, 2, and 1-O (Chart 1), which were revealed with time-resolved 14 
spectroscopic, spectroelectrochemical, and EPR techniques. 15 
 16 
Chart 1. Diketophosphanyl compounds studied in this work. 17 
 18 
2. Experimental Methods 19 
2.1 Materials 20 
Diketophosphanyl compounds (1, 2, and 1-O) were used as the same samples as those used in 21 
our previous report [24], which were characterized by 1H, 13C, 31P NMR, IR, LR- and HR-MS 22 
spectroscopic techniques. 23 
 24 
2.2. Measurements 25 
Steady-state photophysical absorption spectra were recorded with a UV-3600 Shimadzu 26 
spectrophotometer, and emission spectra were recorded with a Jobin Yvon Horiba Fluoromax 3. 27 
Emission spectra were calibrated for detector efficiency using company supplied, instrument-specific 28 
calibration files. Photoluminescence quantum yields were determined with chloroform solutions, 29 
using 9,10-diphenyl anthracene as the standard reference dye (Φ = 0.90 in cyclohexane) [28]. The 30 
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general method for time-resolved photophysical measurements has been previously described 1 
elsewhere [29]. Briefly, the 3rd harmonic of a Nd:YAG laser (355 nm) (EKSPLA-SL312) was used for 2 
the measurement of all time-resolved decays with time-resolved spectra collected on a gated 3 
intensified charge coupled device CCD camera (Stanford Computer Optics). Samples suitable for 4 
analysis were prepared by dropcasting a toluene solution of the phosphorus compounds with zeonex® 5 
(1% w/w ratio) onto clean quartz substrates on a hotplate at 90 °C, and the resulting solid films were 6 
dried. All solutions of studied compounds for electrochemical and spectroelectrochemical 7 
measurements were prepared in 0.1 M tetrabutylammonium hexafluorophosphate supporting 8 
electrolyte (Bu4NPF6, TCI > 98%)/dichloromethane (DCM) (Sigma Aldrich ≥99.9%). 9 
Electrochemical characterization, as well as EPR spectroelectrochemical studies, were performed in 1 10 
mM, and UV-Vis spectroelectrochemical investigations were carried out with a 0.5 mM solution of 11 
investigated materials. For electrochemical characterization, cyclic voltammetry (CV), as well as 12 
differential pulse voltammetry (DPV) techniques, were applied.  Electrochemical measurements were 13 
performed on an Ecochemie AUTOLAB potentiostat-galvanostat model M101, using a typical 14 
three-electrode cell. A platinum disk electrode (diameter: 1 mm) was used as a working electrode, a 15 
platinum spiral was employed as an auxiliary electrode, and a silver wire was used as a 16 
pseudo-reference electrode, with potential being calibrated versus the ferrocene/ferrocenium redox 17 
couple. Spectral measurements were carried out using UV-Vis Hewlett Packard spectrophotometer 18 
8453 and JEOL JES-FA 200, X-band CW-EPR spectrometer operating at 100 kHz field modulation. 19 
Spectroelectrochemical investigations were conducted with connected spectrometers described above 20 
equipped with OMNI or AUTOLAB PGSTAT302N+BA potentiostat. UV-Vis measurements were 21 
carried out in a thin layer spectroelectrochemical cell which has a modified cells described in the 22 
previous literature [30,31]. An ITO electrode was used as a working electrode, platinum spiral as an 23 
auxiliary electrode, and silver wire as a pseudo-reference electrode. EPR measurements were carried 24 
out in a cylindrical cell equipped with a platinum wire as a working, platinum spiral as an auxiliary and 25 
silver wire as a pseudo-reference electrode. The spectra of the radical anions were recorded during 26 
potentiostatic reduction of investigated compounds. The standard based on Mn2+ was used for g-factor 27 
calibration. In order to calculate g-factor, the spectra of Mn2+ (the third and fourth line) together with 28 
investigated samples were measured. The g-factor of the investigated sample was calculated based on 29 
known values of g-factors corresponding to 3rd and 4th lines of Mn2+spectrum (2.03277 for 3rd and 30 
1.98104 for 4th spectral line). The EPR spectra of electrochemically generated radical anions were 31 
simulated using WinSim software [32]. All of the investigations were conducted on the solutions 32 
purged with argon. 33 
 34 
2.3. Theoretical Calculations 35 
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All the molecules were geometrically optimized by the DFT method at the 1 
UB3LYP/6-311+G(d,p) level of theory using Gaussian 09 package in gas phase [33]. The single point 2 
energy calculations were conducted with the optimized geometries at the same theory level. Cartesian 3 
coordinates of the initial and the optimized structures are available as xyz files as the Supplementary 4 
data.  5 
 6 
3. Results and discussion 7 
3.1 Steady-State UV-Vis Spectroscopy 8 
The dilute solutions (methylcyclohexane, toluene, chloroform, and acetonitrile) of phosphorus 9 
compounds 1, 2, and 1-O exhibited similar absorption characteristics (Figure S1) to those already 10 
reported in the literature (dichloromethane solutions) [24], and to those of other naphthalene-fused 11 
diimide compounds, due to their structural similarities. Much like other functionalized naphthalene 12 
diimides [34], UV-Vis spectra of 1, 2, and 1-O contain vibronic absorption bands in the range of 200–13 
450 nm (Figure S1). In all absorption spectra, a very strong absorption peak was found in the 14 
ultra-violet regime (250–300 nm), indicative of π–π* transitions of the benzene moieties. Additionally, 15 
much weaker and lower-energy bands with complex character were observed (λ>400 nm) in all cases, 16 
which are associated with charge transfer from the P-Mes groups to the central benzene moieties 17 
(Figure S1) [24]. The absorption spectra of 2 were very similar to those previously published [24], 18 
highlighting the impact of the nitrogen on the compound’s overall character and electronic makeup 19 
(Figure S1). The replacement of nitrogen atom with phosphorus atom results in red shift of both 20 
absorption bands that are associated with π-π* transition and charge transfer. This shows that the 21 
incorporation of phosphorus atom enhances the charge transfer from P–Mes moieties to the benzene 22 
core and leads to the narrowing of the band gap of phosphorus compounds, when compared with 23 
nitrogen compounds (diimides). 24 
 25 
3.2. Time-Resolved Luminescence Spectroscopy 26 
To explore the potential use of these compounds as electroactive materials, detailed 27 
photophysical characteristics were investigated with time-resolved spectroscopy (Figure 1 and Figure 28 
S2). Almost no emission was observed with the naked eye upon excitation with UV lamp [24]. 29 
However, the detailed spectroscopic analysis revealed that all the investigated phosphorus compounds 30 
exhibited very weak emission, showing very low quantum yields in solution (less than 1%, in 31 
chloroform). Time-resolved/temperature-dependent spectroscopy of the diketophosphanyl molecules 32 
put in zeonex matrix, which were prepared through casting the compounds dispersed in zeonex 33 
matrix at a concentration of 1% w/w, showed two distinct time regimes; one in nanosecond timescale 34 
and the other in micro to millisecond time scale (Figure 1a, c, and e). In all three cases, the emission in 35 
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nanosecond region showed similar spectra to those observed with steady-state spectroscopy (Figure 1b, 1 
d and f). Therefore, the emission in nanosecond time scale was identified as fluorescence irradiated 2 
from the singlet excited state (S1) to the ground state (S0). The spectra and the lifetimes (τ) in this 3 
nanosecond region are almost constant at all the studied temperatures (Table S1), revealing that these 4 
prompt components are unaffected by intramolecular deactivation modes. Comparing the emission 5 
spectra of the three molecules at short timescales (2.2 ns after the laser pulse) (black spectra in Figure 6 
1b, d, and f), one can find there is a shift of spectra and the same significant energy variation among 1 7 
(onset wavelength 431 nm; onset energy 2.88 eV), 2 (onset wavelength 395 nm; onset energy 3.17 eV), 8 
and 1-O (onset wavelength 337 nm; onset energy 3.32 eV). 9 
The decay of the prompt emission for all the compounds are mono-exponential with similar τ 10 
values between 2.8 ns and 3.3 ns at 280 K (the left components in Figure 1a, c, and e). This highlights 11 
the similarity of the conformations of the molecules, which led to indistinct short-lived excited state 12 
mechanics. As for the decay profiles of the phosphorus compounds dispersed in the zeonex matrix, 13 
there is a second distinct time-regime in the micro-millisecond region (the right components in Figure 14 
1a, c, and e). At 80 K, each material displays an emission lifetime of >1 ms, which shortens with 15 
increasing temperatures. Additionally, the emission spectra at long timescales were bathochromically 16 
shifted from the prompt emissions in all the cases (Figure 1b, d, and f). Given their long emission 17 
lifetimes, the observed delayed emissions are ascribed to phosphorescence. The phosphorescnece can 18 
be identified as the emission from a local triplet state (3LE), due to its non-gaussian profile and 19 
vibronic structures, (e.g., phosphorescence spectrum of 2 in Figure 1d). The identity of this long-delay 20 
time spectra as phosphorescence was further confirmed by the fact that the emission output and 21 
lifetime are highly affected by temperature. The triplet state spectra of 1 (onset wavelength 461 nm; 22 
energy onset 2.69 eV) can be seen even at 280 K, subsequently displaying room temperature 23 
phosphorescence (RTP) [35]. The similarity of short-lived excited state decay and observation of RTP 24 
would suggest conformational rigidity of the compounds and the decrease of the vibrational mode in 25 
the molecule. This may attest to the structural rigidity of the compound in the film and fast rates in 26 
intersystem crossing to the 3LE, supported by the low quantum yields of fluorescence of solutions at 27 
room temperature. N,P-hybrid compound 2 was found to be the most strongly phosphorescent: RTP 28 
was observed in zeonex film [even observed in the steady-state spectrum (Figure S3)] with an onset 29 
wavelength of 438 nm (2.83 eV). It should be noted that replacing one phosphorus atom with a 30 
nitrogen increases the triplet level of the material. This modularity of the triplet state with slight 31 
structural modification might allow for the development of triplet host materials for optoelectronic 32 
devices based on the diketophosphanyl scaffolds [36].  33 
In the case of 1-O dispersed in zeonex film, two distinct triplet spectra were observed [onset 34 
wavelength 461 (2.69 eV) and 419 nm (2.96 eV) (Figure 1f)], both of which were observed at low 35 
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temperatures (<200 K). The first triplet state spectrum was found between 63 µs and 7 ms at a low 1 
temperature (80 K, red spectrum in Figure 1f), correlating to the low energy triplet state with identical 2 
onset energy and spectral shape to the phosphorescence spectrum observed in 1. Between 7 ms and 89 3 
ms, there was a grow-in of a second weaker triplet state with onset wavelength of 419 nm (2.96 eV; 4 
blue spectrum in Figure 1f). These two triplet states within a single material are most likely attributed 5 
to the coexistence of two isomeric forms associated with syn- and anti-conformers with a low and high 6 
triplet energy, due to the geometric alteration of the molecule (vide infra). 7 
 8 
Figure 1. Intensity at varying delay time of 1% w/w a) 1, c) 2 and e) 1-O in zeonex at 80 K (black), 9 
120 K (red), 160 K (blue), 200 K (green), 240 K (pink), and 280 K (mustard). Corresponding spectra 10 
collected at varying delay times and temperatures for b) 1, d) 2 and f) 1-O. 11 
 12 
3.3 Electrochemistry 13 
In our previous work [24], the basic electrochemical characterization of diketophosphanyl 14 
compounds 1, 2, and 1-O was conducted, and obtained results indicated a two-step reduction process 15 
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in all investigated compounds. To understand their electrochemical responses, further investigation 1 
was conducted. Cyclic voltammogram of 1 showed a similar profile with that previously reported 2 
(Figure 2a) [24], while additional peaks were observed in the case of 2 (Figure 2b) and 1-O (Figure 2c). 3 
Compound 2 underwent the first reduction at a slightly lower potential than that for 1 (–1.26 V), and 4 
the next reduction occurred at –1.63 V and the third step peaked at –1.85 V (Figure 2b). Notably, the 5 
peak observed at –1.63 V (the second reduction) was found extremely sensitive to the presence of 6 
oxygen in solution (Figure 3). Therefore, it was impossible to detect this additional process in an 7 
insufficiently deoxygenated solution [24]. Figure 3 presents CV voltammograms of compound 2 in 8 
solutions with a different degree of deoxygenation, which clearly shows that when the solution is 9 
deoxygenated for not enough long time, the 2-step-reduction is observed (Figure 3a and b) like in the 10 
previous report in literature [24]. The longer deoxygenation allows us to observe additional, oxygen 11 
sensitive, processes. In the previous paper [24] probably they merge into two non-separated peaks. 12 
Due to the low solubility of 1-O in common organic solvents, the registered voltammogram for this 13 
compound showed poor signals, not clearly separated (Figure 2c). However, also, in this case, more 14 
than two peaks could be distinguished. This was clearly visible on the differential pulse 15 
voltammogram (Figure 2d). This measurement allowed to observe four separate peaks at –0.70, –0.85, 16 
–1.29, and –1.48 V. Given that trivalent phosphorus compound 1 showed only a two-step reduction in 17 
the CV, the multiple step reduction observed for 1-O would suggest that different conformers are 18 
reduced at different potentials due to the geometric alteration of the molecule. It was already shown by 19 
time-resolved luminescence spectroscopy that this compound exhibits two triplet states, which is 20 
associated with the occurrence of different conformers. In order to confirm it, the geometric modelling 21 
was conducted, and which showed the possibility of coexisting of three conformers (Figure S4). 22 
Moreover, the simulation of DPV curve was conducted (Figure 4). The DPV curve is fitted with 6 23 
components which are connected with two-step reduction of 3 conformers. This fitting explains also 24 
the fact that the peak at –0.85 V is more intense than the other ones, as it is amplified by the signal next to 25 
it. 26 
Among investigated molecules, 1-O underwent the reduction at the highest value of potential, 27 
indicating that this compound is the easiest to reduce and it has the highest electron affinity (4.46 eV) 28 
(Table 1), whereas compound 2 underwent the reduction at the lowest potential among investigated 29 
diketophosphanyl compounds.  30 
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 1 
Figure 2. Cyclic voltammogram of a) 1, b) 2, c) 1-O, and d) the differential pulse voltammogram of 2 
1-O registered in a 0.1 M DCM solution containing Bu4NPF6 as the electrolyte. CV registered with a 3 
scan rate of 0.10 V/s and DPV with 0.05 V/s. The arrow indicates the direction of working electrode 4 
polarization. 5 
 6 
Table 1. Summary of electrochemical data. 
Compound Eonset[b] [V] Emin [V][b] EA [eV][a] 
1 –1.10 –1.22, –1.74 4.00 
2 –1.11 –1.26, –1.63, –1.85 3.99 
1-O –0.64 –0.90, –1.31, –1.54 4.46 
[a] EA ~ –LUMO = Eonset + 5.10 [eV][37]; [b] Data from CV measurement. 
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 1 
Figure 3. Cyclic voltammograms of compound 2 in solutions with different degrees of deoxygenation. 2 
CV registered after purging with argon for a) 3 min, b) 8 min, and c) 23 min.   3 
 4 
 5 
Figure 4. The fitting of DPV curves registered during reduction 1-O with 6 components 6 
corresponding to two-step reductions of 3 conformers. 7 
 8 
 9 
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3.4. UV-Vis-NIR Spectroelectrochemical Investigation 1 
Spectroelectrochemical methods were applied to further analyze the redox processes of the 2 
phosphorus compounds. UV-Vis-NIR absorption spectra by varying working electrode potentials in 3 
negative sweep mode were collected (Figure 5). Electrochemical reduction of 1 led to the emergence 4 
of new two peaks: a broad absorption band covering from 671 up to 834 nm with two maxima at λabs = 5 
735 and 797 nm, and a narrower peak at around 320 nm (Figure 5a). Likewise, the reduction of 2 gave 6 
rise to a broad band from 662 to 792 nm with two maxima (λabs = 709 and 761 nm) and a peak at 306 7 
nm. Also, the reduction of these compounds led to the shift of bands associated with neutral forms (262 8 
nm for 1, and 243 nm for 2): in the case of 1, the peak gradually decreased in intensity, while the peak 9 
of 2 showed only hypsochromic shift, without decreasing in intensity (Figure 5a and 5b). This would 10 
be ascribed to the difference in the absorptions of the generated radical anions and neutral forms in 11 
these ranges. In the case of compound 2, probably the radical anion and neutral form exhibit 12 
absorptions in the range of 240–243 nm with similar molar absorption coefficients, while in the case of 13 
1 the coefficient for the absorption in the wavelength range for radical anion is much smaller than for 14 
neutral form. Based on registered spectra, it could be concluded that replacing a nitrogen atom with a 15 
phosphorus atom results in the bathochromic shift of bands associated with not only neutral but also 16 
with reduced form. Additionally, the absorption bands observed in the course of reduction can be 17 
assigned to generated radical anions, as similar changes in UV-Vis-NIR spectra during reduction of 18 
N,N’-diarylated PyDIs were observed in previous works [38–40]. Due to the low solubility of 1-O in 19 
organic solvents, it was difficult to obtain spectroelectrochemical spectra. 20 
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 1 
Figure 5. UV-Vis-NIR spectra collected at negative working electrode potentials for the DCM 2 
solutions of a) 1 and b) 2 (c: 0.1 M, electrolyte: Bu4NPF6) 3 
 4 
3.5. EPR Spectroelectrochemistry 5 
Electron paramagnetic resonance (EPR) spectroelectrochemistry was employed to further 6 
explore the nature of generated species through electrochemical reduction of the phosphorus 7 
compounds. The reduction of all investigated molecules allowed for the registration of EPR spectra 8 
(Figure 6–8), which confirmed the generation of radical anions. All registered spectra showed 9 
hyperfine structures, and from the set of hyperfine coupling constants (hfcc: a), the localization of 10 
unpaired spin density was implicated. In the case of 1, the first step of reduction led to the generation of 11 
radical anion 1•–, whose radical spin localizes on the central benzene core, supported by the EPR 12 
spectra (Figure 6a): the main signal is a result of hyperfine coupling with two equivalent 31P nuclei (I = 13 
1/2) and two equivalent 1H nuclei (I = 1/2) (Figure 6a and Table 2), which was supported by the spin 14 
density isosurface calculated with the DFT method (Figure 6b). Since P-pyramidal inversion of 1 is 15 
very rapid in solution even at room temperature [24], the registered spectra would consist of signals 16 
derived from two radicals associated with syn- and anti-conformers. Therefore, additional small 17 
triplets could be attributed to the minor conformer radical (Figure S5 and Table 2). Further decreasing 18 
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of the working electrode potential up to the second step of reduction of 1 led to the generation of 1 
spin-less dianion species. 2 
 3 
Figure 6. a) EPR spectra registered during the reduction of 1 and the simulated spectra corresponding 4 
to one radical interaction; b) the spin density isosurface (isosurface = 0.0004 e/Å3) of 1•– (anti) 5 
calculated at the UB3LYP/6-311+G(d,p) level. 6 
 7 
As shown in the CV measurement, the reduction of N,P-hybrid 2 occurs in a three-stage process. The 8 
EPR spectrum registered at –1.25 V suggested that the first reduction step generated radical anion 2•– 9 
in which unpaired spin interacts via 31P, one 14N (I = 1), and two 1H nuclei of the central benzene core 10 
(Figure 7a and Table 2). Notably, further electrochemical reduction at a lower potential (–1.79 V) led 11 
to change in EPR spectra: doublet of multiplets, which was the result of the first-step reduction, 12 
decreased in intensity, and a new set of multiplet between these doublets appeared (Figure 7b). The 13 
potential at which the EPR spectra of 2●3– was registered (–1.79 V) was set at the value between the 14 
second (–1.63 V) and third (–1.85 V) peaks on the CV (Figure 2b), as the firstly generated radical 15 
anion 2●– had to be reduced to the spin-less (EPR silent) dianion 22–, and which thereafter further 16 
reduced to the second anion radical 2●3–. Based on this measurement, it would be very difficult to 17 
clearly state whether or not the second and the third reduction peaks on CV are connected with the 18 
generation of 22- or 2●3– species, respectively, because these reduction peaks on the CV locate too close 19 
to each other. However, these results can explain the multi-steps reduction processes which involve the 20 
generation of two different radical anions 2●– and 2●3–. Simulation of EPR lineshape of the new signal 21 
(Figure 7b and Table 2) indicated that the secondly generated radical would interact with the same set 22 
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of atoms for 2•–, but different hfcc values were obtained (Table 2). The radical anion generated as a 1 
result of the first reduction mostly interacts with 31P nucleus [a (31P)
 
= 10.87 G; a (14N) = 1.01 G], 2 
which were also supported with the DFT calculation results [acal (31P) = 10.68 G; acal (14N) = 1.06 G] 3 
(Table S8). In sharp contrast, the further reduction gave rise to a radical species which does not 4 
localize on the 31P nucleus [a (31P)
 
= 0.18], while the coupling constant for 14N nucleus increased to 5 
1.99 G (Table 2). These results would indicate that the reduction to 2●3– occurred mostly on the imide 6 
side. 7 
 8 
 9 
Figure 7. Registered EPR spectra and the simulations of a) 2•– and b) 2•3–. 10 
 11 
Table 2. Fitting parameters for the simulation of EPR spectra together with g-factors estimated 
from experimental spectra. 
Radical a [G] Linewidth [G] g-factor 
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1•– 
31P(1): 8.96, 8.96; 1H: 0.51, 0.51 
31P(2): 6.00, 3.75; 1H: 0.51, 0.51 
0.12 
0.10 
2.0046 
2•– 14N: 1.01; 31P: 10.87; 1H: 0.61, 0.61 0.10 2.0045 
2•3– 14N: 1.99; 31P: 0.18; 1H: 0.46, 0.46 0.10 2.0041 
1-O•– — — 2.0038 
1-O•3– 31P: 0.47, 0.45; 1H: 0.03, 0.17 0.08 2.0038 
The reduction of 1-O also resulted in radical species, which was clearly confirmed by EPR 1 
spectroscopy (Figure 8). Due to the low solubility in organic solvents, it was difficult to obtain 2 
well-resolved spectra with reasonable intensity (Figure S6), and therefore it did not allow for 3 
unambiguous analysis of radical anion interactions. Nevertheless, based on the EPR 4 
spectroelectrochemical results, it could be concluded that the reduction of 1-O leads to the generation 5 
of radical anion (1-O●–) (Figure S6), which underwent further reduction to dianion, and after that to 6 
another radical anion (1-O●3–) (Figure 8 and Table 2). In the case of 1-O●–, the hyperfine structure was 7 
not fitted, due to the fact that the registered spectrum was not resolved enough (Figure S6), while the 8 
simulation of the hyperfine structure of EPR spectra of 1-O●3– showed the radical interactions with 9 
both phosphorus as well as hydrogen nuclei (Figure 8 and Table 2). 10 
 11 
Figure 8. Registered EPR spectra and the simulations of 1-O●3–. 12 
 13 
4. Conclusions 14 
Detailed photophysical and electrochemical properties of a series of phosphorus analogues of 15 
PyDIs were investigated. The replacement of nitrogen with phosphorus atom results in red shift of 16 
absorptions in the low energy region, leading to the enhancement of the charge transfer character from 17 
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the P–Mes groups to the benzene core and to the narrowing of the band gaps, when compared with 1 
nitrogen compounds. All the materials showed weak emissions in solution (less than 1% of quantum 2 
yield). Time-resolved spectroscopy in the zeonex matrix (1% w/w) shows two distinct time regimes: 3 
the one in nanosecond and the other in micro to millisecond timescales. In the nanosecond time scale, 4 
the emission is bathochromically shifted. The emission at long timescale was found out to be 5 
phosphorescence. Importantly, the photophysical analysis revealed that the substitution of a 6 
phosphorus atom with a nitrogen entity allows for tailoring the triplet energy. The compound with a 7 
nitrogen and a phosphorus atom 2 exhibited the most strong phosphorescence and showed the higher 8 
triplet energy than that of 1. Amassing this feature with their predictable HOMO/LOMO energies and 9 
their extremely low fluorescence emissions, these materials are potentially useful as host materials for 10 
electroactive applications. All investigated compounds were found to undergo multi-step 11 
electrochemical reductions. Replacement of nitrogen with a phosphorus atom led to the increase in 12 
reduction potential, showing the phosphorus-containing organic materials as a promising alternative 13 
for well-known bisimide organic electron-acceptor materials, as they may exhibit even lower LUMO 14 
levels than those of bisimides. This would allow for designing new stable electron acceptors or 15 
ambipolar materials for organic electronics application. The spectroelectrochemical analysis led to the 16 
determination of the nature of reduced species of the phosphorus compounds. The first reduction step 17 
generated radical anion species. In the case of 1, reduction proceeds as a two-steps process. The first 18 
reduction stage would be connected with radical anion formation, which then in course of the second 19 
reduction was transferred to the formation of spin-less dianion. In the case of 2 and 1-O, the reduction 20 
was three- and four-steps process, respectively. In both cases, radical anions generated in the first 21 
reduction was further transferred into another radical species. In the case of 2, the first step of 22 
reduction involves mostly on the phosphorus nucleus, whereas the reduction to 2●3– on the nitrogen 23 
nucleus. 24 
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